homology, G-protein coupling, and pharmacological properties. Group I includes mGluR1 and mGluR5; group II includes mGluR2 and mGluR3; and group III includes mGluR4, mGluR6, mGluR7, and mGluR8 (Niswender & Conn, 2010) . Among the receptor groups, group I mGluRs mainly couple to G q/11 proteins and elevate the intracellular Ca 2+ concentration ([Ca 2+ ] i ) through the release of Ca 2+ from intracellular stores, whereas the other groups couple predominantly to G i/o proteins and inhibit adenylyl cyclase. These receptors also regulate the channel activity of plasma membranes (Ferraguti, Crepaldi, & Nicoletti, 2008) . Together with ionotropic glutamate receptors (iGluRs), mGluRs are widely distributed in the central nervous system (CNS) and play a major role in various neuronal processes including synaptic plasticity and memory formation (Mukherjee & Manahan-Vaughan, 2013) . Activation of group I mGluRs is required for both NMDAR-dependent and voltage-gated calcium channel-dependent long-term potentiation (LTP). Group I and III mGluR agonists can induce LTP, which is prevented by group I mGluR antagonists. The induction of long-term depression (LTD) is impaired by mGluR1 antagonists and the maintenance phase of LTD is impaired by mGluR1 and mGluR5 antagonists. In the developing cerebellum, mGluR1 is considered important in the elimination of climbing fiber-Purkinje cell synapses (Uesaka et al., 2014) . Immunohistochemical studies have shown that mGluR1 receptors are strongly expressed in developing marginal zone neurons of the hippocampus. These neurons are assigned to reelin-expressing C-R cells (LopezBendito, Shigemoto, Fairen, & Lujan, 2002) ; however, the functional expression of specific subtypes of mGluRs has not been demonstrated in this hippocampal area. In the present study, the effects of mGluR1 activation on Ca 2+ mobilization were determined using fluorescence imaging of the hippocampal marginal zone. Elevation of [Ca 2+ ] i was induced by glutamate application in C-R cells; this elevation was not prevented by the blockade of iGluRs. A group I mGluR-specific agonist increased [Ca 2+ ] i in the presence of an mGluR5-specific antagonist, whereas an mGluR1-specific antagonist prevented the response. These results demonstrate that neonatal hippocampal C-R cells express functional mGluR1. The effects of other excitatory neurotransmitters on [Ca 2+ ] i were also measured and compared with the mGluR1-mediated Ca 2+ responses.
| MATERIALS AND METHODS

| Slice preparation
Hippocampal slices were prepared from 2-to 7-day-old male Wistar rats (Clea, Tokyo, Japan), as described previously (Taketo & Matsuda, 2017) . In total, 76 brain slices from 38 animals were used. All experimental protocols were performed in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals, revised in 1996, and approved by the Animal Experimental Committee of Kansai Medical University. All efforts were made to minimize the number of animals used and their suffering. The animals were decapitated and their brains removed and placed in cold NaCl-free artificial cerebrospinal fluid (ACSF; sucrose ACSF; composition, in mM: sucrose 252, KCl 3.35, NaHCO 3 21.0, NaH 2 PO 4 0.6, CaCl 2 0.5, MgCl 2 1.5, glucose 10.0) bubbled to equilibrium with 95% O 2 /5% CO 2 for 2 min. The hippocampi were then dissected, fixed to a metal plate, and supported with an agar block. Three hundred-micronthick hippocampal slices were cut using a vibrating tissue slicer (model DTK1000, D.S.K., Kyoto, Japan) in sucrose ACSF. Slices were placed in a storage chamber filled with ACSF (composition, in mM: NaCl 138.6, KCl 3.35, NaHCO 3 21.0, NaH 2 PO 4 0.6, CaCl 2 2.5, MgCl 2 1.0, glucose 10.0) and kept for at least 1 hr at room temperature (23-25°C). In specified experiments, nominally Ca 2+ -free ACSF was perfused instead of normal ACSF. The slices were continuously perfused with ACSF during the experiments. Each drug was applied by perfusion.
| Calcium imaging
Calcium imaging was performed as previously described (Taketo & Matsuda, 2017) . The cells in the brain slices were loaded with fura-2 by incubation in a fluorescent indicatorcontaining solution (10 μM × 40 min at room temperature followed by 5 min at 40°C). The solution of Ca 2+ indicator was prepared as follows: fura-2 acetoxymethyl ester (AM) was dissolved in dimethyl sulfoxide containing Cremophor-EL. Then, the fura-2 AM solution was diluted with ACSF and sonicated to obtain the final solution (10 μM fura-2 AM, 0.001% Cremophor-EL). Fluorescence images were obtained using an objective lens (CFI Fluor, Nikon, Tokyo, Japan) and a chargecoupled device camera (model C10600-10B, Hamamatsu Photonics, Hamamatsu, Japan) under alternating excitation wavelengths of 340 and 380 nm and an emission wavelength of 510 nm. After subtracting the background fluorescence, images were stored and analyzed using a digital image processor (Aquacosmos; Hamamatsu Photonics). [Ca 2+ ] i was expressed as the ratio of the fura-2 fluorescence intensities excited at 340 and 380 nm. The acquisition rate was 0.1 Hz. All recordings were performed at room temperature (23-25°C).
| Data analysis
The area between the fluorescence ratio curve and baseline was calculated using graphic software (OriginPro 2016, OriginLab Corporation, MA, USA) . When the responses to N-methyl-d-aspartate (NMDA) application were to be analyzed, parts of the ratio curve were integrated (integration | TAKETO time window: 7.29 min) because the ratio curves did not recover to baseline. Statistical analyses were performed using Mann-Whitney U tests, Kruskal-Wallis analyses of variance (ANOVA), or one-way ANOVA with post hoc Tukey tests. The level of significance was set to p ≤ 0.05. To examine the functional expression of mGluR1 in the marginal zone, the group I mGluR-specific agonist DHPG, which activates both mGluR1 and mGluR5, was applied to the hippocampal slices. An increase in [Ca 2+ ] i was observed in the marginal zone cells in the presence of the mGluR5-specific antagonist MPEP ( Figure 1A , nos. 1-8), indicating that these cells expressed functional mGluR1 ( Figure 1C , traces 1-8). In contrast to the results obtained from the marginal zone cells, a marked response to DHPG was not observed in the dentate granule cells ( Figure 1A , nos. 9-11; Figure 1C , traces 9-11). However, calcium responses to glutamate were observed in these cells, indicating that iGluRs were expressed. As shown
| Materials
] i elevation evoked in marginal zone neurons. The mGluR1 and mGluR5-specific agonist DHPG and glutamate were applied to hippocampal slices in the presence of the mGluR5-specific antagonist MPEP. Cells located in the marginal zone (MZ) surrounding the hippocampal fissure (dashed line) and granule cell layer (DG) are numbered 1-8 and 9-11, respectively. in Figure 1Ab , the cells that responded to mGluR1 activation were large, tadpole-like, and located in the marginal zone. These characteristics coincide with the known morphology and localization of C-R cells (Kirischuk, Luhmann, & Kilb, 2014) .
The DHPG-induced [Ca 2+ ] i elevation in the absence of MPEP (average of areas: 1.89 ± 0.31 ratio × min, n = 11; Figure 2A , first peak) did not differ from that in the presence of the antagonist (average of areas: 1.71 ± 0.25 ratio × min, n = 39). This result suggested that the DHPG-induced Ca 2+ elevation was not mediated by mGluR5. The [Ca 2+ ] i elevation was thought to be induced through the direct activation of postsynaptic mGluR1 by exogenous DHPG because the response was not altered by blocking synaptic transmission via the perfusion of TTX (1.79 ± 0.21 ratio × min, n = 49). Perfusion of bicuculline, a specific antagonist of the γ-aminobutyric acid A (GABA A ) receptor, revealed that the DHPG-induced response was not affected by the inhibition of GABA A ergic signal transduction (1.51 ± 0.38 ratio × min, n = 24). Each area between the ratio curve and the baseline was calculated and compared, and is presented in Figure 2B . The values from the four experiments were not significantly different from one another (p = 0.17509, KruskalWallis ANOVA). The subtype of the expressed mGluR was then further confirmed pharmacologically. The MPEP-resistant elevation of [Ca 2+ ] i was induced repeatedly by repeated application of DHPG ( Figure 3Aa , area of the second response: 0.85 ± 0.14 ratio × min, n = 25). The second response was prevented by the perfusion of the mGluR1-specific antagonist CPCCOEt (Figure 3Ab , area of the second response: 0.06 ± 0.04 ratio × min, n = 11). The averaged responses to DHPG coapplication with CPCCOEt (CP(+)) were markedly smaller than in the controls (CP(−); Figure 3B , p = 4.62 × 10 −7 , Mann-Whitney U test). ] i elevation (1.32 ± 0.27 ratio × min, n = 16). This result indicated that Ca 2+ was released from intracellular stores following DHPG application.
| The induction of mGluR1-mediated responses by the intrinsic agonist glutamate
| NMDA receptor expression in mGluR1-possessing neurons
Calcium responses were also induced by NMDA application in mGluR1-expressing marginal zone neurons ( Figure 5 ). Among the NMDA receptor subtypes, GluNR2B-containing receptors are specifically inhibited by ifenprodil (Glasgow, Retchless, & Johnson, 2015) . In mGluR1-expressing marginal zone neurons, the NMDA-induced calcium responses ( (B) The second response to DHPG application during perfusion with CPCCOEt was compared with the control response (second response without CPCCOEt). Each area between the fluorescence ratio curve and baseline was calculated and averaged (without CPCCOEt: 0.85 ± 0.14 ratio × min, n = 25; with CPCCOEt: 0.06 ± 0.04 ratio × min, n = 11). In the presence of CPCCOEt (CP (+)), the response was significantly lower than the control (CP(−)). The asterisk indicates a significant difference between CPCCOEt (CP(+)) and control (CP(−)) (p = 4.62 × 10 −7 Mann-Whitney U test)
F I G U R E 4 (a) Ca
2+ elevation was still induced when ionotropic glutamate receptors were blocked. In addition to MPEP (10 μM), DNQX The averaged responses to glutamate in the presence of iGluR antagonists ( Figure 7B , DNQX and APV) and in the presence of an mGluR1 antagonist ( Figure 7B , CPCCOEt) were smaller than in preparations without antagonists ( Figure 7B , glutamate). The differences were statistically significant between the control and iGluR antagonist (p = 0.004; one-way ANOVA followed by Tukey test) and control and mGluR1 antagonist (p = 3.76 × 10 −6 ; one-way ANOVA followed by Tukey test).
| DISCUSSION
| Hippocampal C-R cells express functional mGluR1
The present experiments demonstrated that mGluR1-mediated [Ca 2+ ] i elevation was induced in neonatal hippocampal marginal zone neurons. According to a previous report, mGluR1-specific immunoreactivity is present in neonatal marginal zone cells (Lopez-Bendito et al., 2002) . These cells are thought to be C-R cells because almost all mGluR1-specific immunosignals were detected in reelin immunoreactive cells, and vice versa. When these previous findings are combined with known localization and morphological features, it can be concluded that the neurons that responded to mGluR1 activation in this experiments were C-R cells. -free ACSF containing MPEP (10 μM; Aa, 2.79 ± 0.25 ratio × min, n = 18). NMDA application was repeated as in Aa, in the presence of ifenprodil (10 μM showed the intracellular origin of Ca 2+ elevation in response to mGluR activation using a group I/II mGluR-specific antagonist and group I/II-specific or AMPA receptor/group I mGluR-specific agonists. The experimental results in this study, obtained from rat hippocampus, are in agreement with these observations. Martínez-Galán et al. also demonstrated the co-expression of reelin and mGluR1 using immunohistochemical techniques. In the present study, new information was obtained by determining the subunit subtype of the NMDA receptors and GABA-induced [Ca 2+ ] i elevation.
| [Ca
2+ ] i elevation induction by receptors other than mGluR1
In our preparation, the NMDA-induced [Ca 2+ ] i elevation was sensitive to a GluN2B-specific inhibitor. This experimental result was complementary to the results from previous reports that detected GluNR2B-containing NMDAR currents by electrophysiological experiments in rat and mouse neocortical C-R cells (Chan & Yeh, 2003; Mienville & Pesold, 1999) .
Glutamate-induced [Ca
2+
]i elevation in C-R cells was found to consist of both iGluR-and mGluR1-dependent components. As suggested by the results of the present study, most NMDA receptors show a high Ca 2+ conductance and induce Ca 2+ influx when the membrane potential is depolarized by synchronously activated AMPA receptors. NMDA receptor-induced Ca 2+ influx plays an important role in the mediation of synaptic plasticity and excitotoxicity. On the other hand, group I mGluRs increase [Ca 2+ ] i through Ca 2+ release from intracellular stores, which is followed by activation of specific intracellular enzymes. In addition to these two Ca
-mobilizing pathways, direct and indirect cross talk between iGluRs and mGluRs has been reported; a direct interaction between mGluR5 and NMDARs was shown using bioluminescence resonance energy transfer. Scaffold proteinmediated cross talk between iGluRs and mGluRs has also been reported (Reiner & Levitz, 2018) . Although direct evidence for this cross talk is lacking, the participation of the NMDA receptors and mGluR1 in glutamate-induced [Ca 2+ ] i elevation suggests that, at a minimum, Ca 2+ signal summation and an additive effect on other second messenger signaling pathways, including protein phosphorylation, occur in C-R cells. In the developing hippocampus, GABA is regarded as an excitatory neurotransmitter because the intracellular Cl − concentration is relatively high and the reversal potential of Cl − is positively shifted (Ben-Ari et al., 2012) . As a result of electrophysiological experiments, it has been suggested that GABA induces depolarization persistently in neocortical C-R cells during the postnatal period (Mienville, 1998) . In the present experiments, the membrane potential was freely changeable and the intracellular ionic composition was kept natural. Under these experimental conditions, [Ca 2+ ] i was increased by GABA application in C-R cells, though the magnitude of the Ca 2+ elevation was small ( Figure 4A ). On the contrary, a significant [Ca 2+ ] i elevation was induced by GABA application in dentate granule cells at this developmental stage ( Figure 4B ). In neonatal C-R cells, mGluR1-induced [Ca 2+ ] i elevation may be important for the regulation of neural function in addition to that induced by GABA A receptor activation. γ-Aminobutyric acid exerts its effects through GABA A , GABA B , and GABA C receptors. Because the GABA B receptor-specific agonist did not mimic the effect of GABA on [Ca 2+ ] i , it is unlikely that GABA-induced Ca 2+ elevation was solely induced by GABA B receptor activation. However, the possibility of a combined effect of GABA A and GABA B receptors should not be disregarded. Further, the effects of GABA receptor activation on mGluR responses in C-R cells have not been determined. In cerebellar Purkinje cells, GABA B receptors are co-localized with mGluR1 and enhance mGluR1-mediated responses (Tabata & Kano, 2010) . Experiments using GABA A or GABA B specific agonists, as well as experiments using both an mGluR1 agonist and GABA B agonist, are necessary to fully understand the role of GABA in C-R cells.
F I G U R E 6
| Functional significance
In the hippocampus, the level of phosphatidylinositol (PI) hydrolysis induction by glutamate is very high on postnatal days 6 and 8, but decreases throughout development (Nicoletti, Iadarola, Wrobleski, & Costa, 1986) . It has been shown that 79.8% of DHPG-induced PI hydrolysis is mediated by mGluR5 in the neonatal rat hippocampus (Gasparini et al., 1999) . The experimental results from the present study are consistent with the hypothesis that mGluR-mediated PI hydrolysis may play an important role in early postnatal events, such as the regulation of neurocytomorphogenesis and synaptogenesis. In adult mouse neural progenitor cells (NPCs), which generate neurons and glia, both mGluR1 and mGluR5 are expressed (Castiglione et al., 2008) . Pharmacological inhibition of mGluR1 in NPCs causes reduction of cell proliferation and promotes NPC differentiation toward the neuronal lineage, while inhibition of mGluR5 promotes apoptosis of the cells. One report demonstrated that inhibition or genetic elimination of mGluR5 and mGluR3 expression in NPCs reduced the number of the dividing neuroprogenitors (Di Giorgi-Gerevini et al., 2005) . It is possible that mGluR1 in C-R cells is also involved in developmental processes by affecting cell proliferation and survival.
Elevation of [Ca 2+ ] i initiates many intracellular signaling cascades. Though reelin secretion is constitutive and not induced by [Ca 2+ ] i elevation (Lacor et al., 2000) , other C-R cell functions may be mediated by mGluR1-induced [Ca 2+ ] i elevation. Because the mGluR1 ligand is reported to influence apoptosis (Śmialowska et al., 2012) , mGluR1 in C-R cells possibly mediates their disappearance.
Alternatively, it is possible that membrane depolarization occurs through mGluR1 activation in C-R cells as well as in CA1 pyramidal neurons (Mannaioni, Marino, Valenti, Traynelis, & Conn, 2001) . Until now, the excitatory input to C-R cells had not been identified (Quattrocolo & Maccaferri, 2014) and group I metabotropic glutamate receptors can be activated by ambient glutamate (Sun et al., 2016) . In C-R cells, activation of mGluR1 may be important for the facilitation of depolarization-related processes such as Ca 2+ influx through voltage-sensitive Ca 2+ channels and the release of the magnesium block of NMDA channels. It has been reported that the application of DHPG induces transient receptor potential vanilloid 1 (TRPV1)-mediated inward currents in hippocampal interneurons (Eguchi, Hishimoto, Sora, & Mori, 2016) , and that TRPV1 is functionally expressed in mouse hippocampal C-R cells (Anstötz, Lee, & Maccaferri, 2018) . Activation of mGluR1 in hippocampal C-R cells might increase cell excitability and promote synaptic transmission through the facilitation of TRPV1-mediated currents. Hippocampal C-R cells have synaptic connections onto GABAergic interneurons and pyramidal neurons; these synapses supposedly regulate synaptic plasticity and dendritic development (Quattrocolo & Maccaferri, 2014) . By increasing C-R cell excitability, activation of iGluRs and mGluRs might participate in this regulatory process.
